The major purpose of this study was to characterize the open-loop frequency of pulsatile GnRH release in the female rhesus monkey at an age (15-20 months) when the prepubertal restraint on the hypothalamic-pituitary axis is maximally imposed. Additionally, evidence for pulsatile GnRH release in agonadal males of comparable age was also sought. Episodic LH secretion from the pituitary was used as an indirect index of GnRH discharges. In order to maximize the sensitivity of this in situ bioassay, the responsiveness of the pituitary gonadotrophs was usually first heightened by an i.v. intermittent infusion of the synthetic peptide. Monkeys (five females, three males) were castrated between 9 and 14 months of age, implanted with indwelling venous catheters, fitted with nylon jackets and housed in specialized cages that permitted remote access to the venous circulation with minimal restraint and without interruption of the light-darkness cycle. In females, LH secretion was generally assessed at 20-day intervals during alternate nighttime (1900-0200 h) and daytime (0700-1400 h) windows. In males, LH was assessed less frequently and only at night. The mean frequency of pulsatile LH release in agonadal prepubertal females was 4 pulses/7 h during the night and 2 pulses/7 h during the day. These findings indicate that, prior to puberty in the female monkey, the GnRH pulse generator operates at a relatively slow frequency and is subjected to diurnal modulation. In males, evidence for robust pulsatile GnRH release was not observed. The striking difference in activity of the GnRH pulse generator in agonadal prepubertal male and female monkeys reinforces the view that the ontogeny of the hypothalamic drive to the pituitary-gonadal axis in higher primates, including man, is sexually differentiated.
Introduction
In primates, including man, the developmental profile of gonadotropin secretion from birth to adulthood is characterized by periods of elevated release neonatally and postpubertally that are separated by a prolonged phase of diminished secretion during juvenile development (see Plant 1994) . The findings that, in the rhesus monkey, pulsatile gonadotropin-releasing hormone (GnRH) release from the hypothalamus during juvenile development is considerably lower than that pubertally (Watanabe & Terasawa 1989) , and imposition of an exogenous intermittent infusion of this peptide in the juvenile elicits a pattern of luteinizing hormone (LH) and folliclestimulating hormone (FSH) release comparable to that observed in the adult (Wildt et al. 1980 , Abeyawardene et al. 1989 , establish that the prepubertal hiatus in gonadotropin secretion in primates is occasioned by a corresponding decline in episodic GnRH release by the hypothalamus. Interestingly, the degree to which pulsatile GnRH release is suppressed during prepubertal development in primates appears to be sexually differentiated (see Plant 1994) , a difference that is most notable following gonadectomy. For example, in the gonad-intact prepubertal female and male rhesus monkey, circulating LH and FSH levels are very low or not detected by RIA and therefore indistinguishable (Dierschke et al. 1974 , Terasawa et al. 1984 , Plant 1985 . At a comparable age in the agonadal state, however, the female exhibits elevated plasma FSH concentrations and distinct increments in nocturnal LH secretion (Winter et al. 1987 , while in the male, gonadotropin levels remain not detected (Plant 1985) .
The present study was performed to further characterize sex differences in the hypothalamic mechanism that controls the onset of sexual maturation in primates. This was achieved indirectly by tracking, in agonadal male and female monkeys, hypothalamic discharges of GnRH using, as a bioassay, the LH response of the pituitary, sensitized to GnRH with an exogenous infusion of the decapeptide (Suter et al. 1998) . Because the monkey provides an excellent paradigm for the study of the neuroendocrine control of human puberty, findings from macaques may have direct relevance to our understanding of disorders of sexual development in man. (Preliminary reports of this work were presented at the 4th International Conference on the Control of the Onset of Puberty, Pittsburgh, PA, USA in 1994 (Abstract #2) and the 77th Annual Meeting of the Endocrine Society, Washington DC, USA in 1995 (Abstract #OR22-1) and have appeared in the published proceedings of the first of these meetings (Perera et al. 1995) .)
Materials and Methods

Animals
Five female and three male rhesus monkeys (Macaca mulatta), which were born at the Primate Research Laboratory and which had been castrated at 9-14 months of age, were used. The three males (Nos 2288, 2289 and 2456) were also employed in studies described elsewhere (Suter et al. 1998) . All animals were maintained in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals under a controlled photoperiod (lights on 0700-1900 h).
Gonadectomy, implantation of an indwelling venous catheter approximately 4 weeks later, subsequent maintenance of animals in remote sampling cages and blood collection were performed exactly as described previously (Suter et al. 1998) . Similarly, the details for indirectly assessing endogenous pulsatile GnRH discharges using the sensitized pituitary, which was primed with an intermittent i.v. infusion of synthetic GnRH to enhance and maintain responsiveness to this decapeptide, have been fully described (Suter et al. 1998) . In brief, endogenous LH discharges were identified after the priming GnRH infusion was temporarily withdrawn for 4 days. On the 4th day of interrupted GnRH priming, sequential blood samples were collected at either 12-min (males) or 15-min (females) intervals for 7 h for measurement of circulating LH concentrations. Pituitary responsiveness was confirmed at the end of each nocturnal assessment window by examining the LH response to an i.v. bolus injection of 300 ng GnRH. Following the initial assessment of LH release, cycles of intermittent exogenous GnRH administration, consisting of 6 days of GnRH followed by 4 days without the peptide, were imposed. Endogenous LH release was also examined in animals without prior exposure of the pituitary to exogenous GnRH.
Experimental protocol
Endogenous pulsatile LH release was characterized between 15 and 20 months of age, a period which falls within the phase of development during which the prepubertal restraint on GnRH release is imposed (Terasawa et al. 1984 , Plant 1985 . Because LH release, and presumably that of GnRH, has been shown to be diurnally modulated with enhanced nocturnal secretion (Plant 1985 , most assessments were performed at night (1900-0200 h). In females, attempts were generally made to assess LH secretion every 20 days, alternating between daytime (0700-1400 h) and nighttime windows. Assessment of LH release in males was conducted every 40 days, and only during the night. These schedules were interrupted occasionally when patency in the catheters was lost. In addition, data from incomplete assessments were excluded from analysis.
Experiment 1 Pulsatile LH release was assessed in three agonadal juvenile female monkeys with pituitaries in which the responsiveness to GnRH had been enhanced by exogenous GnRH priming. Nocturnal assessments of endogenous LH release were performed on each of these animals at three different ages: 15-16 months (five assessments), 17-18 months (five assessments) and 19-20 months (four assessments). Daytime assessments at these ages numbered five, four and five respectively.
Experiment 2
In order to examine the possibility that, in Experiment 1, the pattern of endogenous LH release was influenced by the i.v. infusion of synthetic GnRH, administered to heighten responsiveness of the gonadotrophs, two additional animals were studied. These monkeys did not receive exogenous GnRH priming. Nocturnal assessments were performed in these animals at 15-16 months of age (three assessments), 17-18 months (two assessments) and 19-20 months (one assessment). Daytime assessments at these ages numbered three, two and two respectively. Experiment 3 Pulsatile LH release was assessed in three agonadal juvenile male monkeys with pituitaries which had been primed with the intermittent regimen of GnRH. Nocturnal assessments were performed in these animals at 15-16 (five assessments), 17-18 (five assessments) and 19-20 (three assessments) months of age. These animals were also employed for studies described previously (Suter et al. 1998) . In that study, only data obtained between 14 and 16 months of age (the age at which LH was first assessed) and after 22 months of age were analyzed.
LH assay
Plasma was harvested and frozen until LH was measured using a cynomolgus LH-anti-human chorionic gonadotropin (R13, Pool D) RIA system with rhesus pituitary preparation WP-XV-20 (NIH rh-LH-RP-1) as standard (Peckham & Tontala 1981) . The minimum detectable concentration ranged from 10·0 to 14·2 ng/ml. Inter-and intraassay coefficients of variation were 6·8 and 7·3% respectively.
LH pulse analysis and statistics
A discharge of GnRH was inferred whenever an increment in circulating LH concentration in 7-h windows of sequential blood collection was identified as an LH pulse by the pulse detection algorithm, Pulsar (Merriam & Wachter 1982) , using the same G values described previously (Suter et al. 1998) . This program was used to determine the number of pulses per 7-h sampling period (frequency), the average amplitude of LH pulses, and the average plasma LH concentration for individual 7-h windows. For each of the three ages studied, a mean value of each of the foregoing parameters was obtained for every monkey. These means were then averaged to produce group means for each age. Windows in which LH pulses were not detected were excluded from the determination of average amplitudes. For purposes of calculations, the assay limit of detection was substituted for not-detected sample values. LH pulse parameters for daytime and nighttime windows were compared by two-factor ANOVA with repeated measures (age, time of day) and by Mann-Whitney U-tests. A value of P<0·05 was accepted for statistical significance.
Results
Experiment 1
Representative profiles of pulsatile LH release from the sensitized pituitary, in ovariectomized prepubertal rhesus monkeys, are shown in Fig. 1 . Discharges of LH were invariably observed at night, and during the day in many cases. In two of the three monkeys, this pulsatile pattern of secretion was robust. Mean LH pulse frequency during the daytime and nighttime was approximately 2 and 4 pulses/ 7 h respectively, and the diurnal effect was significant at 15-16 months and 19-20 months (Fig. 2) . There was no evidence for a developmental change (P>0·05) in LH pulse frequency during the study period, 15-20 months of age (Fig. 2) . Mean plasma LH concentrations, which frequently exceeded 200 ng/ml during the night, and mean LH pulse amplitudes for the three age groups are shown in Fig. 2 .
Experiment 2
In the two ovariectomized prepubertal animals, in which the unprimed pituitary was used to assess pulsatile LH release, the frequency of secretion and its diurnal modulation (Fig. 3) were similar to those observed in Experiment 1 employing the sensitized pituitary. A comparison of LH pulse frequency in the two paradigms is shown in Table 1 . Mean circulating LH levels in these animals were less than those observed in monkeys with a sensitized pituitary, although this difference was statistically significant only during the daytime. In the unprimed animals, mean daytime and nocturnal LH levels for the ages studied ranged from 10 to 60 ng/ml (average 27 7·6) and from 10 to 90 ng/ml (average 42·8 16·5) respectively.
Experiment 3
In contrast to agonadal prepubertal females, nocturnal pulsatile LH release in three castrated males of comparable Figure 1 Daytime and nighttime patterns of moment to moment changes in LH secretion (the index employed to indirectly assess pulsatile GnRH release) from the pituitary, between 0700 and 1400 h (, left hand panels) and 1900 and 0200 h (, right hand panels), in three agonadal female monkeys during successive 2-month periods between the ages of 15 and 20 months. Note, the results shown for each age were obtained from a different female, therefore the relatively low LH level for the female at 19-20 months of age does not represent a developmental trend (see Fig. 2 ). Asterisks indicate increments in circulating LH concentrations identified as episodes of secretion by Pulsar and therefore reflecting discharges of hypothalamic GnRH release. The responsiveness of the pituitaries to GnRH in these animals was heightened by intermittent stimulation with the synthetic peptide prior to the assessment of endogenous GnRH release.
age was observed only on occasion, and in those instances where an LH discharge was identified the resulting pulse amplitude was small (mean=11 ng/ml). The mean LH pulse frequencies for the three ages examined were 0·7 0·3 pulses/7 h (15-16 months; n=3), 0·5 0·3 pulses/7 h (17-18 months; n=3) and 0·3 0·3 pulses/7 h (19-20 months; n=2). The absence of robust episodes of LH secretion in males was not due to a failure to sensitize the gonadotroph, since the standard exogenous GnRH challenge that was administered following each assessment of endogenous peptide secretion consistently induced LH release. The mean increments in circulating LH concentrations elicited by the GnRH challenge were 92 6 ng/ ml (n=3), 61 26 ng/ml (n=3) and 77 13 ng/ml (n=2) at the respective ages studied. Nocturnal LH pulse frequency, LH pulse amplitude and mean LH concentrations in the male and in the female were markedly different (Fig. 4) . When data for the three age groups were combined, the difference between males and females for each of the three parameters was significant (P<0·005). 
(n) for all ages combined
Pulses/7 h Sensitized 1900-0200 h 4·2 0·6 (9)* 0700-1400 h 2·2 0·4 (9) Unsensitized 1900-0200 h 3·2 0·7 (5) 0700-1400 h 1·6 0·7 (6) There were no significant differences between sensitized and unsensitized. *P<0·01 vs 0700-1400 h value.
Discussion
Although the prepubertal phase of development in both female and male rhesus monkeys is characterized by a diminution in the hypophysiotropic drive to the gonadotroph (see Plant 1994) , the recent finding of nocturnal elevations in LH secretion in agonadal female rhesus monkeys at this age suggests that, in this gender, the hypothalamic mechanism underlying the pulsatile discharge of GnRH is only partially inactivated during the prepubertal phase of development. This notion was strongly reinforced by the present study. Use of the sensitized pituitary as a bioassay for endogenous GnRH release revealed that open-loop pulsatile GnRH release in the prepubertal female occurs during the light and darkness phases of the 24-h cycle. The frequency of LH discharges, and therefore presumably of those of GnRH, during the day and night was approximately 2 and 4 pulses/7 h respectively. This indirect assessment of the frequency of pulsatile GnRH release in the agonadal prepubertal female monkey is at variance with the results of studies that have employed hypothalamic perfusion to monitor directly discharges of the peptide. In such studies, inter-GnRH-pulse intervals of approximately 1 h have been described for juvenile ovariectomized monkeys . In adult ovariectomized monkeys, direct and indirect assessment of GnRH pulse frequency has yielded comparable estimates of this parameter, namely approximately 1 pulse/h (Dierschke et al. 1970 , Wilson et al. 1984 , Gearing & Terasawa 1991 . Since the present indirect analysis of GnRH pulse frequency in the prepubertal animal employed a pituitary with a responsiveness similar to that in the adult, the lack of congruency between the results obtained by the two methods in the prepubertal state must therefore be related to the smaller GnRH signal at this stage of development.
In the present study, the magnitude of pituitary LH release elicited in response to the hypophysiotropic drive from the hypothalamus of the agonadal prepubertal female was surprisingly large. In the adult ovariectomized monkey, the circhoral release of GnRH results in mean levels of circulating LH ranging in general from 100 to 200 ng/ml (Dierschke et al. 1970) , concentrations which were frequently observed in the present study in response to the nocturnal release of pulsatile GnRH from the hypothalamus of the 15-to 20-month-old female. While the relationship between frequency and amplitude modulation of a pulsatile pattern of GnRH stimulation, on the one hand, and its strength as a drive to the gonadotroph, on the other, is complex, similar levels of mean LH are intuitively equated to comparable GnRH drives. Thus, we were concerned that the pulsatile i.v. GnRH infusion, which was employed in the present study to enhance the response of the gonadotroph to endogenous GnRH, may have also influenced the activity of the GnRH pulse generator of the prepubertal hypothalamus. However, the frequency of pulsatile LH (GnRH) release in agonadal females, which did not receive a priming infusion of the synthetic peptide, was similar to that observed in animals with a sensitized pituitary. The latter result suggests that the frequency of the GnRH pulse generator in the hypothalamus of the prepubertal monkey was not modulated by the exogenous infusion; this view is consistent with the finding that, in the adult monkey, electrophysiological correlates of GnRH pulse generator activity are not influenced by treatment with GnRH receptor ligands (O } rdög et al. 1997) .
Previous studies employing pituitary LH secretion as an index of the frequency of pulsatile GnRH release indicate that the neural timing mechanism governing this mode of release also operates at a relatively slow open-loop frequency (1 pulse/4 h) during neonatal development Plant 1986) . Thus, an open-loop GnRH pulse frequency well below that of the circhoral pattern of GnRH release in the adult (Hotchkiss & Knobil 1994 ) may be a hallmark of the prepubertal phase of female development in this species. If this line of reasoning is accepted, it must be concluded that the re-augmentation of the hypophysiotropic drive that occurs at approximately 24 months of age in ovariectomized monkeys, and which is presumably the cardinal event underlying the initiation of female puberty in this species and in man, must involve, in part, an acceleration in the frequency of the GnRH pulse generator. In agonadal girls of prepubertal age (2-10 years) with Turner's syndrome, robust pulsatile GnRH release, as reflected by circulating LH concentrations, has been observed with mean frequencies ranging between 2 and 6 pulses/12 h (Levine Ross et al. 1983 , Mauras et al. 1989 , Hosoda et al. 1991 . Moreover, in two of the foregoing studies (Levine Ross et al. 1983 , Hosoda et al. 1991 , there was a suggestion that LH pulse frequency in girls older than 10 years was greater than that in the younger girls.
The earlier observation in this laboratory that, in agonadal female monkeys aged 10-20 months, circulating LH concentrations at night are greater than those during the day , indicates that the open-loop hypophysiotropic drive to the gonadotroph during this phase of development is diurnally modulated. The present finding that, in ovariectomized monkeys at a similar stage of development, GnRH pulse frequency at night is twice that during the day suggests that the nocturnal elevation in the hypothalamic stimulus to LH secretion is mediated, at least in part, by an acceleration of the GnRH pulse generator at night. Whether a similar day-night difference exists in the open-loop activity of the GnRH pulse generator in the human female of prepubertal age is less clear (Levine Ross et al. 1983 , Hosada et al. 1991 . Interestingly, in the adult ovariectomized monkey there is either no change or a deceleration of the GnRH pulse generator during the night ( Ji et al. 1989 , O'Byrne et al. 1993 .
Lastly, the failure of the sensitized pituitary to detect robust patterns of GnRH discharges in castrate male monkeys aged 15-20 months, a phase of development when the GnRH pulse generator is unequivocally active in the agonadal female, strongly reinforces the earlier conclusion that the ontogeny of pulsatile GnRH release in primates is sexually differentiated (Plant 1986 , Winter et al. 1987 .
